This research investigates the infrared absorption intensity and isotope-dependent frequency shifts of CH stretching on diamond C͑111͒ single-crystal surfaces by Fourier transform infrared spectroscopy ͑IRS͒. By employing single-pass direct absorption and in situ surface oxidation methods, a single sharp feature at m ϭ2832.2Ϯ0.9 cm Ϫ1 with a FWHM of ⌫Ϸ6 cm Ϫ1 is observed at 800 K. Systematic measuring of how band intensity depends on hydrogen etching time indicates that a well hydrogen-terminated C(111)-1ϫ1 can be prepared only after prolonged exposure of the surface to H, generated by hot W filaments, at 1100 K. A study of the band intensity at saturation, and assuming an electronic polarizability of ␣ e ϭ0.65 Å 3 for the CH bond as that in CH 4 , yields an integrated cross section z ϭ5.5ϫ10 Ϫ18 cm for the CH stretching motion along the internuclear axis. Additional measurements of band position as a function of mixed isotope concentrations afford a stretching frequency of i ϭ2816.2Ϯ0.9 cm Ϫ1 for a single CH isolated in a monolayer of CD oscillators at 800 K. The frequency shift of m Ϫ i ϭ16.0 cm Ϫ1 is too large for dipole coupling theories to explain. The implications of the present findings with regard to applying IRS for quantitatively characterizing CVD diamondlike carbon films are discussed.
I. INTRODUCTION
Ever since the discovery of diamond chemical vapor deposition ͑CVD͒, infrared spectroscopy ͑IRS͒ of CH vibrations has been exploited, 1, 2 to quantitatively characterize synthesized diamond or diamondlike carbon films. The important information obtained concerns the number of sp 3 surface carbon atoms present in the films, a key feature in CVD diamond synthesis. While the IRS measurements can easily be performed, the results are difficult to interpret since the observed spectra are a superposition of the absorptions of the CH vibrations from sp m CH n , where m,nϭ1 -3, and the many possible configurations in sp m CH n can greatly complicate the observations. A common simplification is to assume that all the CH n vibrations are of the same oscillator strength, regardless of the state of the carbon's electronic configurations. 1 From previous experience of gas-phase molecular-spectroscopy, one learns that hydrocarbons may possess CH absorption strengths that vary more than one order of magnitude, depending on the type of bonding; 3 determining the content of sp 3 surface carbon on diamond CVD films by IRS is therefore not precise. Apparently a more effective approach is provided by nuclear magnetic resonance ͑NMR͒, which can yield quantitative information about sp 3 /sp 2 ratios; 4 however, this technique is not as sensitive as IRS for the purpose. Grill and Patel 5 systematically compared NMR and IRS results of CVD films prepared under identical conditions, but concluded that infrared spectroscopy alone is insufficient to accurately determine either the surface carbon hybridization or the total hydrogen content of the films. Jacob and Unger 6 have recently measured the absorption strength of surface CH vibrations, employing IRS in combination with He ϩ and H ϩ ion beams. They found that IRS compared to NMR tends to overestimate the sp 3 /sp 2 ratio, and reported an integrated cross section of r Ϸ3.5 ϫ10 Ϫ18 cm for CH stretches in a hard a-C:H film. The number, however, is an average of the absorption strengths of CH n on diamondlike carbon with poorly defined surface structures.
We have previously attempted to estimate the absolute absorption strength of CH stretching on C͑111͒ by recording frequency shifting as a function of H/D isotope concentration on diamond nanocrystal surfaces. 7 The shifting, to the first-order approximation, resulted from dynamic dipole coupling, 8 and thus the measurement revealed the size of the transition dipole moment of surface-bonded CH stretch. From that measurement, we obtained an integrated absorption cross section of z Ϸ1.2ϫ10 Ϫ17 cm along the CH bond axis, or r Ϸ4.0ϫ10 Ϫ18 cm when the CH bond was randomly oriented with respect to interrogating radiation. While the estimate here correlates unusually closely to that of Jacob and Unger, 6 the agreement should be considered fortuitous since both numbers were obtained indirectly. It is also possible to estimate z from the recent report of Chin et al., 9 who accomplished a two-photon excitation of CH stretching on a C͑111͒ single crystal by picosecond sum-frequency generation ͑SFG͒ spectroscopy. Assuming a simple two level system, 10 from their results we calculated z Ϸ1 ϫ10 Ϫ18 cm, a value that is one order of magnitude lower than ours. We attribute the underestimation primarily to the many assumptions involved in the calculation. Pacansky and Waltman 11 have also recently estimated the infrared intensity of CH stretching by performing ab initio calculations for isotetramantane, a model molecule for diamond C͑111͒. However, their calculated z varied considerably, from 1.0 to 5.3ϫ10 Ϫ18 cm, depending on the level of the calculations. The large variation suggests a need for direct and unambiguous determination of CH absorption strength on the surface of single-crystal diamond.
Determining the absolute absorption strength is not only of practical, but also of fundamental concern. The process provides valuable information about the size of transition dipole ͉͉ as well as the electronic polarizability ␣ e of the adsorbate. 12 Except in a few well-defined surface systems such as CO on metals 13 and H on Si͑111͒, 14 these fundamental molecular properties have been rarely explored for surface-bonded species. Systematically comparing the ͉͉ and ␣ e to those of similar molecules in the gas phase helps to understand how adsorbed atoms or molecules interact with substrates, and also how interactions occur between adsorbates through anharmonic and dipole couplings. The alteration of the electronic and vibrational properties of surfacebonded species by underlying substrate atoms can thereby be investigated.
This study reports on our determining the absolute absorption strength of CH stretching on an ideally hydrogenterminated diamond surface, denoted as C͑111͒-1ϫ1 H, utilizing a Fourier transform infrared ͑FTIR͒ spectrometer, a single-pass direct absorption method, and a three-layer model. Additional measurements on isotope mixtures and submonolayers allow the intermolecular interactions between surface CH bonds to be closely examined for the first time.
II. EXPERIMENT
The setup and methodologies of this experiment are similar to those of our previous studies, 15, 16 but are somewhat modified. Figure 1͑a͒ illustrates the experimental setup around the sample region. Briefly, the C͑111͒ diamond substrate ͑Drukker͒ was prepared from a single-crystal disk measuring 5 mm diam.ϫ0.25 mm. The crystal surfaces were first carefully polished for several hours with 0.25 m diamond paste and an automatic grinder ͑Buehler, Minimet 1000͒ to remove any possible graphitic carbon and unwanted facets. The crystal was next treated in a standard hot-acid mixture ͑H 2 SO 4 :HNO 3 ϭ3:1͒ at 370 K for 30 min, followed by rinsing and ultrasonic cleaning by acetone and ethanol, 17 and then mounted on a Molybdenum ͑Mo͒ sample holder attached to a Mo heater ͑Spectra-Mat͒ in a small ultrahigh vacuum ͑UHV͒ chamber with a base pressure of 5 ϫ10 Ϫ9 Torr. The heater was positioned on a rotatable stage, allowing both surfaces of the crystal to be hydrogen treated, as illustrated in Fig. 1͑a͒ . The chamber was situated directly in the light beam path in front of the detector of an FTIR spectrometer ͑Bomem, MB100͒ to achieve maximum detection sensitivity. To ensure complete removal of graphitic surface sites, each surface of the crystal was exposed to atomic hydrogen produced by cracking pure H 2 at a pressure of 5 ϫ10 Ϫ5 Torr with hot tungsten ͑W͒ filaments maintained at 1800 K. The distance between the sample and the filaments was approximately 2 cm. This H-etching treatment continued for 1 h at 1100 K, followed by 30 min hydrogenation with the same H 2 pressure at 800 K to saturate both diamond surfaces with hydrogen atoms. As will be discussed later, this etching process is essential to removing most of the remaining defects and facets.
Infrared spectra were obtained at 800 K with the crystal oriented at a Brewster angle ( 1 ϭ67°) with respect to the p-polarized infrared radiation, 18 as revealed in Fig. 1͑b͒ . To enhance detection sensitivity, a broad band ͑OCLI, 3.0-5.0 m͒ cold interference filter was placed in front of the liquidnitrogen-cooled InSb detector element ͑Cincinnati Electron-ics͒. A small aperture was further positioned in the beam path to minimize the amount of background thermal radiation. Because of the low absorption of the CH stretching, the IR detection was highly sensitive to temperature changes. Test scans were thus taken and continued until the system was thermally equilibrated at 800 K, after which sample scans were initiated. Reference scans were later taken immediately after oxidizing the diamond surfaces in situ with 5 ϫ10 Ϫ4 Torr of pure O 2 to remove all surface-bonded hydrogen. The hydrogen removal process typically finished in 1 min, confirmed by the invariance of the absorption intensity (Ã p ϭ͐A p d) with oxidation time. A nominal resolution of 8 cm Ϫ1 , cosine apodization, 2ϫ zero filling, and 2000 scans/ spectrum were employed throughout this experiment. The absolute frequency of the FTIR, calibrated against the welldocumented rovibrational transitions of atmospheric H 2 O near 3 m, was determined to be accurate within Ϯ0.5 cm Ϫ1 . In the isotope dependence measurements, the H/D mixture was produced by cracking gaseous H 2 ͑Alphagas, 99.9995%͒ and D 2 ͑Spectra Gases, 99.7%͒ directly mixed inside the UHV chamber. The concentration of the mixture was controlled by introducing the gases through two separate leak valves. A quadrupole mass spectrometer ͑Ametek͒ determined in situ the H/D ratio. The gases were used without further purification. In the submonolayer measurements, a well hydrogen-terminated surface was first prepared by stepwise hydrogen etching of a freshly polished crystal for 5 h at 1100 K. The hydrogen atoms were then desorbed by heating the sample to 1300 K for 30 min. After the sample cooled to room temperature, the surfaces were dosed with H at 1 ϫ10 Ϫ6 Torr of pure H 2 for 3 min to achieve partial coverage. Similarly, infrared spectra were later taken at 800 K.
Low-energy electron diffraction ͑LEED͒ measurements were conducted in a separate UHV chamber equipped with a hemispheric energy analyzer, a grazing incidence electron gun for Auger electron spectroscopy ͑AES͒, and a quadrupole mass spectrometer for temperature-programmed desorption ͑TPD͒ analysis. 19 Similar to the sample preparation in the IRS measurements, the as-polished surface was first cleaned by heating the sample, mounted on a homemade Mo sample holder, to 1100 K, using electron beams. This procedure was followed by atomic hydrogen treatments at 1100 K and 5ϫ10 Ϫ6 Torr of pure H 2 pressure. The LEED patterns were taken when the sample had cooled to room temperature. The typical incident energy of the electron beams used in this experiment was 120 eV.
III. RESULTS
Before the FTIR experiments, LEED measurements had established that sample preparation is critical to precisely determining infrared band intensity. A well-defined diamond C͑111͒ surface may be prepared only by carefully etching the substrate with atomic hydrogen, 17, 20, 21 particularly when starting with a fresh as-polished surface. Figure 2͑a͒ illustrates the LEED pattern of a bare C͑111͒ surface, obtained by heating the as-polished surface to 1500 K before any H treatments. It displays a vague (2ϫ1) pattern with a bright background, which is characteristic of a not so well-ordered surface after structural reconstruction. This should be compared to the clearer LEED (2ϫ1) pattern, given in Fig. 2͑b͒ , of the reconstructed bare surface obtained after repeatedly H-etching C͑111͒ at 1100 K for 10 h. Improved sharpness and intensity of the half-order spots are evident, indicating an increase in domain size as etching proceeds. From the coherence length of the electron beams used in this measurement, we estimate the average size of the domains in Fig.  2͑b͒ to be larger than 100 Å.
The surface smoothing in creating larger domains by H is also reflected in the absorption spectra of CH stretching. Figure 3 displays the spectra observed in p-polarization at different hydrogen etching times, t e . The intensity of the singlet is seen to increase steadily with t e and reaches plateau at t e ϭ5 h. We have repeated the same experiments with the same C͑111͒ crystal to explore the constancy of the measured total band intensity (Ã p ). Figure 4 lists the results of two independent measurements ͑indicated by open circles and squares͒ with the crystal surfaces repolished before installing in the UHV chamber. Although details of the kinetics varied between experiments, H-etching for 5 h ͑with 5 ϫ10 Ϫ5 Torr of H 2 at 1100 K͒ was required in both cases to prepare a well H-terminated surface. The origin of the variation near the rising edge of the curves is presently unclear, but it is presumably associated with how the sample was first prepared. In a separate experiment conducted between the two measurements mentioned above, we inadvertently damaged the well hydrogen-terminated surfaces with 5 ϫ10 Ϫ4 Torr of O 2 at 800 K for 30 min. The surfaces were further exposed to ambient air and then repositioned in the UHV chamber without repolishing for interrogation. A substantially different band intensity was revealed. As the solid triangles in Fig. 4 indicate, at the time (t e ϭ5 h) of reaching plateau, the Ã p was reduced by 20% compared to the other two cases. Figure 4 illustrates the subtleties of preparing an ideally hydrogen-terminated C͑111͒ surface by hot-filamentgenerated H. Furthermore, it demonstrates the complex nature of this surface system.
We note that the frequencies of the absorptions in Fig. 3 slightly depend on how well the surfaces are H-terminated. Before reaching maximum intensity, the absorptions have a frequency around 1 cm Ϫ1 shifted to the red, and they can be identified as the stretch of CH located on flat C͑111͒ terraces. On these terraces, the adsorbates primarily form twodimensional islands, instead of being randomly distributed. This phenomenon is distinguishable from cases of partial coverage. Figure 5 displays a spectrum for 32% saturation coverage, exhibiting a single-feature blue-shifted by 3.0 cm Ϫ1 from that of the saturated. The frequency shift is small, but can be easily detected by FTIR spectroscopy. It is noteworthy that the presently observed coverage dependence of the frequency is comparable to that recorded by SFG, 20 which indicated a blue-shift of 4.6 cm Ϫ1 from saturation to 32% coverage. 22 It appears worthwhile to further investigate the spectra at even lower coverage to determine the stretching frequency ( 0 ) of a single CH bond isolated on the surface. However, such an investigation was not performed here because (1ϫ1) and (2ϫ1) domains were found to coexist when the surface was partially covered by hydrogen atoms. 23 Interpretation of the spectra may be complicated by the mixed CH forms in these two domains.
The observation of a single CH absorption in Fig. 5 is consistent with that of SFG 20 which further confirms that the CH bond is aligned perpendicular to the ͑111͒ surface plane from polarization measurements. In determining Ã p , the band is observably slightly asymmetric, with a small shoul-der on the high-frequency side. The shoulder, centered around 2850 cm Ϫ1 , can be attributed to the stretches of CH perturbed by adjacent CH 2 or CH 3 adsorbed on steps, kinks, or other surface defects. The absorption intensity of this shoulder cannot be accurately determined, since the signal is weak and the determination is highly sensitive to how the baseline was corrected. Careful analysis of the main feature suggests that the CH absorption peaks at 2832.7Ϯ0.6 cm Ϫ1 , with Ã p ϭ0.0067Ϯ0.0006 cm Ϫ1 . In the present experiment, 8 cm Ϫ1 resolution was used to minimize the magnitude of the fringes appearing on the high-frequency side of the feature, as is clearly indicated in Fig. 3 . The observed linewidth is thus a result of the complicated convolution of heterogeneous broadening, thermal dephasing, 15 and instrumental resolution. We have previously 16 employed 2 cm Ϫ1 resolution to scan the spectra of the same surfaces and found that the absorption can have a full-width at half-maximum ͑FWHM͒ of ⌫Ͻ6 cm Ϫ1 at 800 K. Higher resolution scan was not employed here because the scan introduced larger fringes that can severely interfere with band intensity measurements.
The absorption intensity thus determined should not depend on the resolution and apodization function used in the measurement. As mentioned above in order to minimize the magnitude of the fringes arising from the etalon effects due to two nearly parallel surfaces of the diamond single crystal, all spectra were taken at 8 cm Ϫ1 resolution and cosine apodization. We have empirically explored how the apodization function might affect the band intensity measurement by examining the rovibrational features of gaseous CH 4 , but found no significant differences ͑within our experimental er-ror͒ in band area when using either boxcar or cosine function at various resolutions. The result can be rationalized from pure mathematics that the operation of the two apodiza- tion functions on a sine wave gives rise to an absorption in frequency domain with the form of 2L sinc(2L) and L sinc(2L)/(1Ϫ4L 2 2 ), respectively, where is the frequency ͑in cm Ϫ1 ͒ and L is the retardation. 24 From the identity ͐ Ϫϱ ϱ sinc(x)dxϭ͐ Ϫϱ ϱ sinc(x)dx/2(1Ϫx 2 )ϭ1, it can be shown rigorously that the integrated absorption intensity of a Fourier transformed sine wave, via either boxcar or cosine apodization, is identical and is independent of L, and thus the instrumental resolution which is inversely proportional to L. Figure 6 illustrates the variation of the CH spectrum as a function of the molar fraction ( f H ) of hydrogen in the H/D mixtures. The integrated absorbance of the band decreases linearly as f H ϭ1→0 in Fig. 7 . The linearity confirms the high precision of the band intensity measurements. Limited by instrumental resolution, the change in the linewidth of the feature is not well determined. We have previously 7 observed a clear band broadening using higher spectral resolution on heavily etched diamond nanocrystal surfaces. At 300 K, the linewidth of the CH stretching on C͑111͒ facets increases from 4.5 cm Ϫ1 of f H ϭ1.00 to 7.7 cm Ϫ1 of f H ϭ0.50. The spectra of CD stretches are not presented here because the bands are severely broadened by exceedingly rapid nonradiative energy relaxation that could occur within t nr Ϸ0.2 ps. The lifetime broadening had prevented the CD spectra from being detected using the current setup. We note that the relaxation time of t nr Ϸ0.2 ps is 100-fold shorter than 19 ps of the CH stretching on the same surface. 9 We have previously 15 attributed this dramatic isotope dependence to the differences in energy transfer mechanism between these two stretches. For the deuterium on C(111)-1ϫ1, the stretching frequency at 2110 cm Ϫ1 is situated closer to diamond surface phonons ( max Ϸ1400 cm Ϫ1 ) compared to 2835 cm Ϫ1 of the CH stretch. Since there are several localized diamond surface modes resonant between 1000 and 1350 cm Ϫ1 , the CD stretching motions can easily relax via a two-phonon process contrasted to the three phonons ͑two CH bends plus one low-frequency acoustic phonon͒ required for CH. 15
IV. DISCUSSION AND ANALYSIS

A. Hydrogen etching
The present experiments constitute a semiquantitative examination of hydrogen etching on diamond C͑111͒ surfaces. To the best of the authors' knowledge, there has been no successful experimental determination of the reaction rate of H with any diamond single crystals. 25 Previous temperature-programmed desorption mass spectrometric measurements failed to unambiguously detect any hydrocarbons desorbing from hydrogen-terminated diamond surfaces. 17, 26 This is in contrast with that of silicon surfaces, where etching of Si͑111͒ and Si͑100͒ single crystals by hydrogen atoms can readily be observed. 27, 28 Balooch and Olander 29 studied the interaction of H with pyrolytic graphite, utilizing modulated molecular beams, and reported that CH 4 formed when the graphite surface was exposed to a hydrogen atom beam at 800 K. At substrate temperatures between 800 and 1200 K, additional C 2 H 2 formed. The results provide valuable, although indirect, information concerning H-diamond reactions. Theoretical investigations of diamond graphitization also shed some light on the reactions. Among these investigations, [30] [31] [32] tight-binding calculations 30 predicted that graphite-layer formation initiates near steps on a diamond C͑111͒ surface. Ab initio total energy computations 31 indicated that a strong graphitization effect originates in the neighborhood of convex twins of C͑111͒ at 1200 K. Adding H to the surface, however, can change the surface C atoms back to sp 3 Based upon these observations and calculations, it is possible to speculate a mechanism to account for the band intensity increase as a function of hydrogen etching time ͑as illustrated in Fig. 4͒ . The surface defects on C͑111͒ are perhaps first removed by H, as these are the most energetically favored sites of attack by incoming hydrogen atoms. Similar to the case of H reacting with Si etching, begins at dihydride surface sites. A possible mechanism of diamond etching is
followed by
The reactions allow atomic hydrogen to remove surface defects, to enlarge ͑111͒ domains, and subsequently to increase the band intensity under observation. 33 In a separate experiment, 34 the CH stretching vibrations on C͑110͒ and C͑100͒ single crystals were also investigated. A dramatic ͕111͖-oriented facet formation was revealed by systematic investigations of the IR spectra and LEED patterns as a function of hydrogen etching time t e . The finding was interpreted in terms of a bond strain theory, 28 which suggests that the observed hydrogen etching anisotropy on these two surfaces is due to the difficulty of forming stable intermediate hydrides leading to CH 4 desorption on C͑111͒, as depicted by Eqs. ͑1͒ and ͑2͒. The presently observed band intensity increase with t e in Fig. 3 correlates closely with that measurement.
B. Band intensity
The band intensity observed at the saturation point in Fig. 4 decidedly does not represent the absolute absorption strength of a full monolayer of CH stretch on C(111)-1ϫ1 at 800 K. The reason is that atomic hydrogen cannot only react with surface C to form CH bonds, but it also takes away adsorbed H, leaving the surface with free carbon as
The equilibrium surface coverage in the presence of free H is governed by the relative magnitude of the rate constant of each process by ⌰ϭk ads /(k ads ϩk abs ), where k ads and k abs are rate constants for adsorption and abstraction reactions, respectively. Recent studies of H interacting with diamond have aimed at determining these two constants; however, the results reveal disparities. Of particular relevance are the heterogeneous reaction kinetics measurements, 35, 36 which indicated that hydrogen recombination on CVD diamond ͓Eq. ͑4͔͒ can occur at a comparable rate to the gas-phase abstraction of H from alkanes, with a hydrogen destruction probability of 0.12 at 1200 K. 35 Thoms et al. 37 have directly measured ⌰ using high-resolution electron energy loss spectroscopy ͑HREELS͒ for CH and CD stretching vibrations on polycrystalline diamond, and verified that ⌰ ϭ0.95. A similar value of ⌰ϭ0.96 was also obtained by Koleske et al., 38 employing Na ϩ ion beams to probe the same surfaces. Interestingly, the number is fairly independent of the temperature of measurements from 350-900 K, indicating that sufficient incident energy of H, rather than the thermal energy from the substrate, is required to initiate the reaction. Chin et al. 21 have recently also utilized SFG to study H adsorption and abstraction on a C͑111͒ singlecrystal surface; however, a maximum coverage of ⌰ϭ0.83 was determined at room temperature. This value is significantly lower than the others. As discussed by these authors, 21 the discrepancy is primarily due to experimental uncertainties and the differences in sample dosing and preparation between experiments. Consolidating all these measurements, the present experiment takes the average value ⌰ϭ0.90Ϯ0.06 to represent the saturation coverage for its purpose. A correction of this factor leads to an integrated absorption intensity of Ã p ϭ0.0074Ϯ0.0012 cm Ϫ1 for a full monolayer of CH oscillators on the diamond C(111)-1ϫ1 surfaces at 800 K. The correction, however, has a small effect on the frequency ( m ) of the monolayer CH stretch, since the band shifting due to the 90% coverage is only ⌬Ϸ0.5 cm Ϫ1 , essentially within the margins of experimental errors, as shown in Fig.  5 . This yields m ϭ2832.2Ϯ0.9 cm Ϫ1 at 800 K.
The Ã p ϭ0.0074 cm Ϫ1 is the band intensity of the monolayer CH stretch at the substrate temperature of 800 K. The temperature effect needs to be taken into account if the absolute absorption strength of the oscillator is to be decided. Unfortunately, our current method does not allow us to easily obtain the spectra at lower temperatures, since the main aspect of the measurement is to conduct at a temperature where surface oxidation can be quickly performed to establish a good reference. Crude estimate for the temperature effect, however, can be obtained by knowing the phonon dispersion of the C͑111͒-1ϫ1:H lattice, which has been recently explored both by theories 39 and by experiments. 40 In the model system of H on Si͑111͒, Dumas et al. 41 carefully examined the absorption intensity as a function of temperature, and concluded that thermal excitation of Si-H bending is responsible for the decrease of the Si-H stretch intensity observed in experiments from 200-500 K. The bending mode resonates at 637 cm Ϫ1 and thus its population is sensitive to temperature variation. Since C͑111͒-1ϫ1:H and Si͑111͒-1ϫ1:H share close similarities, we consider that the mechanism for silicon can also be applied to diamond. For C͑111͒-1ϫ1:H, the CH bending resonates at 1331 cm Ϫ1 as determined by SFG. 21 Boltzmann distribution law suggests that the depopulation of the ground state due to thermal excitation of the doubly degenerate bending modes at 800 K is ⌬N/Nϭ0.18. Taking this factor into account, we estimate the integrated absorption intensity of the CH stretching on C(111)-1ϫ1 at 0 K to be Ã p ϭ0.0090 cm Ϫ1 .
The result, in conjunction with a three-layer model, 14, 42 allows the absolute absorption strength of the surface-bonded CH stretch to be accurately determined. The Ã p for a full monolayer of perpendicular dipoles takes the general form 42 Ã p ϭ 2n s D a sin 2 1 2.303͑cos 1 ϩcos 3 /n 3 ͒
where n s is the number of surfaces interrogated, D a the adsorbate density, 3 and n 3 the incident angle and the refractive index of the diamond substrate, respectively, and ϱ the dielectric constant of the monolayer. At the Brewster angle, cos 3 /n 3 ϭcos 1 , and thus the interference effect due to the reflection from the substrate is mostly eliminated in the present measurement. Applying Eq. ͑5͒ to our case of n s ϭ2, D a ϭ1.82ϫ10 15 carbons/cm 2 and 1 ϭ67°yields z / ϱ 2 ϭ2.63ϫ10 Ϫ18 cm/molecule. As noted, the apparent absorption intensity can be substantially reduced by ϱ .
Chabal 14 has shown that the dielectric constant of a monolayer of vertical dipoles in the surface normal direction is related to the electronic polarizability (␣ e ) of the adsorbate by ϱ ϭ1ϩ␣ e U 0 . For a dielectric surface like diamond, the image potential 43 of the underlying substrate is negligible, and thus the U 0 is predominantly contributed by electronic screening due to the induced dipole of each adsorbate. The parameter can be written as U 0 ϭa Ϫ3 S, 43 where a is the unit cell constant and the lattice sum is Sϭ11.0342 for a hexagonally structured surface, 44 like C(111)-1ϫ1. The ␣ e , in principle, can be determined by recording band intensity changes and frequency shifts in a mixed isotope experiment, if these events are assumed to result from dipoledipole interactions. However, as will be discussed below, the dipole-dipole coupling is insufficient to account for the observed frequency shifting. We therefore tentatively take the parallel polarizability ␣ ʈ of the CH bond of CH 4 for ␣ e , since the carbon of this molecule also has the same sp 3 bonding configuration. For CH 4 , the anisotropic bond polarizabilities 45 are ␣ ʈ ϩ2␣ Ќ ϭ1.95 Å 3 and ͉␣ ʈ Ϫ␣ Ќ ͉ ϭ0.32 Å 3 . These numbers suggest a value of 0.65 Ϯ0.16 Å 3 for ␣ e . The dielectric constant of the monolayer is thus ϱ ϭ1.45. With aϭ2.522 Å, we have an integrated cross section of z Ϸ5.5ϫ10 Ϫ18 cm or r Ϸ1.8ϫ10 Ϫ18 cm. We calculate the screened dipole moment ͉ s ͉ of the CH oscillator from 8,42
to be ͉ s ͉ϭ0.91ϫ10 Ϫ31 Cm or 0.028 debye. The vibrational polarizability of the CH bond is thus ␣ v ϭ z /4 3 2 ϭ0.0056 Å 3 ͑Ref. 42͒.
C. Frequency shifts
The frequency shifting observed in Fig. 6 provides valuable information about the nature of CH lateral interactions. As Fig. 8 indicates, the interactions induce a regular redshifting when hydrogen concentration decreases in the H/D mixture. Between f H ϭ1.00 and 0.17, the band red-shifts nearly linearly from 2832.7 to 2817.7 cm Ϫ1 . Extrapolating to the limit f H →0 suggests a stretching frequency of i ϭ2816.2Ϯ0.9 cm Ϫ1 for a single CH isolated in a monolayer of CD oscillators at 800 K. To account for this event, the first-order approximation is to assume dipole-dipole interactions between adsorbates. A complete theoretical analysis of the isotopic substitution effect based upon this approximation has been advanced by Persson and Ryberg 12 for an array of vertical dipoles, such as CO on metals. Their theory can be simplified and applied here since SFG measurement has demonstrated that the CH bond is aligned perpendicular to the ͑111͒ surface plane. 20 Additionally, the transition dipoles of CH and CD are small and the resultant shifts satisfy ⌬ Ӷ. Furthermore, the stretching frequencies of the two isotopes are separated by more than 700 cm Ϫ1 , far larger than their respective bandwidths. The CH and CD bonds can thus be treated as two noninteracting oscillators. For a monolayer of noninteracting dipoles, it is easy to show that the isotopeinduced frequency shift due to the dipole interaction can be approximated by 43
where i is the resonance of a single isolated isotope in the monolayer. By utilizing the parameters obtained earlier, i ϭ2816.2 cm Ϫ1 , ␣ v ϭ0.0056 Å 3 , and ␣ e ϭ0.65 Å 3 , we calculate a blue-shift of ⌬ i ϭ3.9 cm Ϫ1 for f H ϭ0→1. This number is a factor of 4 smaller than the observed value of 16.0 cm Ϫ1 , indicating that the simple dipole coupling model is inadequate to account for the experimentally observed frequency shifts. 46 In applying the Persson-Ryberg theory, we noted a marked difference between their systems and ours, a difference which needs to be carefully clarified. Figure 9͑a͒ summarizes the presently observed frequency shifting for CH stretching on C(111)-1ϫ1. Starting from the monolayer at the point M, a red-shifting occurs in the isotope mixture of f H ϭ1→0 at ⌰ϭ1, but with the bands shifting to the blue as ⌰ϭ1→0 at f H ϭ1. This pattern noticeably differs from that of CO on metals, where a red-shifting in both mixed isotope and submonolayer measurements was found. 12 The band shifting behavior in the metal system can be understood knowing that the transition dipole of CO is enhanced 2.5fold, after the chemical adsorption, due to electron donation from metals to the 2* antibonding orbitals of the molecule. 12 The enhancement makes the transition ͑or dy-namic͒ dipole interactions dominate other electrostatic forces in both cases, resulting in band shifting toward the same direction.
The transition dipole moment of CH stretching on C(111)-1ϫ1 is small. Hence, the frequency shifting behavior is more similar to that of CO on NaCl͑100͒, where the surface is dielectric, as is that of the diamond. On dielectric surfaces, electron donation and image potential effects are absent, and thus transition dipoles could no longer dominate, indicating that dipole-dipole interaction theories 12, 43 are insufficient to fully describe the frequency shifts observed. Disselkamp et al. 8 analyzed this problem in a somewhat different way by considering electrostatic multipole moment interactions between the physisorbed CO molecules. They separated the shifting into two categories, static and dynamic, 47 as illustrated in Fig. 9͑a͒ . The former is due to interactions between permanent multipoles, whereas the latter is due to transition multipole coupling, but is mostly dominated by dipoles. It is clear for the adsorbates in a monolayer why the resonance of each CH vibration can red-shift ( i Ͻ m ), when f H decreases from 1 to 0. This occurs because the repulsion between transition multipoles that raise the energy level at vϭ1, as depicted in Fig. 9͑b͒ , has been reduced. The static coupling, however, has a more complicated effect on band shifting. The coupling can yield a redshift as well as a blue-shift, depending on the relative size of the multipole moments at the ground and at the first excited states, when ⌰ϭ0→1 ͑Ref. 8͒. For CH stretching on C(111)-1ϫ1, a red-shift ( m Ͻ 0 ) occurs, suggesting that the repulsion due to permanent multipole interactions is smaller at vϭ1 than at vϭ0. Notably, the submonolayer results in the present study are too complicated to be analyzed in detail since the C͑111͒ surface could have (1ϫ1) and (2ϫ1) structures existing simultaneously at partial hydrogen coverage.
The failure of the dipole-dipole interaction model has also been noted in other surface systems as well. 47 This is particularly the case when the adsorbates are so closely packed that molecular orbitals directly interact. 43 For CH on C(111)-1ϫ1, the separation between nearest neighbors is only 2.522 Å, and thus electrostatic multipole interactions beyond the dipole term can be critically important. The model system CO on NaCl͑100͒ may serve as an example. 8 On the NaCl͑100͒ surface, CO molecules are separated by 4.0 Å with a screened transition dipole of 0.065 debye. 42 Simple electrostatic calculations show that nearly 20% of dynamic frequency shift can be contributed by transition quadrupole-quadrupole interactions. Higher multipole interactions, such as quadrupole and hexadecapole, can also give rise to 3% of the total shift. While the calculation is still rudimentary, it reveals the remarkably slow decay of the long-range interactions, and thus frequency shifts, with interadsorbate distance in the dielectric surface systems. Considering the close proximity of the CH and the van der Waals radius of 1.2 Å for H, it is of little surprise that the observed frequency shifting in Fig. 8 cannot be adequately explained by the dipole coupling theory.
D. Comparison with other systems
The value r ϭ1.8ϫ10 Ϫ18 cm is the integrated absorption cross section of the CH stretch with H bonded to an sp 3 surface carbon. This can be compared to r ϭ2.4 ϫ10 Ϫ18 and 2.1ϫ10 Ϫ18 cm of gas-phase HCD 3 and HCF 3 , whose CH stretching motions are resonant at 2993 and 3036 cm Ϫ1 , respectively. 3 The comparable magnitude in r suggests that the vibrational dipole of the CH stretch does not change drastically when H is bonded to an sp 3 carbon linked to a two-dimensional diamond lattice. Although the presently determined number cannot be directly related to that obtained for CVD films, it is the first direct determination of this quantity on any diamond or diamondlike carbon surface. At present we know of no direct measurements for the absorption intensity ratio of sp 3 -CH/sp 2 -CH on diamond, other than those cited from gas-phase values. A systematic investigation of the r on well-defined single-crystal surfaces, including C͑110͒ and C͑100͒, should help elucidate in greater detail how the CH electronic polarizability, vibra-FIG. 9. Schematic diagrams plotted in terms of ͑a͒ frequency and ͑b͒ energy level to interpret the static and dynamic shifts of CH stretching in the mixed isotope and submonolayer measurements. The monolayer feature, M, is denoted by a line located at m ϭ2832.2 cm Ϫ1 , whereas the two limiting cases of a single CH bond in ''vacuum'' and in a monolayer of CD oscillators are labeled by the frequencies, 0 and i ϭ2816.2 cm Ϫ1 , respectively. tional dipole, and frequency vary with surface bonding and structure. Among these systems, the measurement of the monohydride CH stretches on C͑100͒-2ϫ1 is most interesting since on the (2ϫ1) surface, dimerization of carbon atoms occurs, resulting in sp 2 electronic configurations. We have attempted this experiment; unfortunately, the spectra changed progressively with t e . The intensities of the characteristic absorptions of the symmetric and antisymmetric stretches of the CH dimer in each surface unit cell decreased smoothly, accompanied by a new band, emerging at 2832 cm Ϫ1 that can be identified as CH stretching on C͑111͒ facets. 34 The irreversible ͕111͖-oriented facet formation makes it difficult to precisely quantify the absorption strengths of these two stretches. Preliminary estimation indicates that the oscillator strength of CH stretching of H-terminated C͑100͒ surfaces is comparable to that of C͑111͒-1ϫ1:H. We are now attempting to measure the z of C͑100͒-2ϫ1:H more precisely by preparing the surface using microwave plasmas, since the latter have been demonstrated to yield atomically flat C͑100͒ with a well-defined (2ϫ1) structure. 48 Establishing these measurements should lead to a better understanding of the absorption intensities currently determined 6 for diamondlike carbon films.
A system of particular relevancy to the present studies is H on Si͑111͒, which has been thoroughly investigated by Chabal and co-workers 49 employing multiple internal reflection FTIR spectroscopy. Many similarities and disparities exist between C͑111͒-1ϫ1:H and Si͑111͒-1ϫ1:H, and they deserve closer examination. First, the C͑111͒ surface is fairly inert to attack from hydrogen atoms, whereas Si͑111͒ is not. This is evidenced from Fig. 3 , which indicates that defect sites, such as steps and kinks, can be preferentially etched away, leaving the C͑111͒ with microscopically large terraces. A considerably different pattern, however, was found for H on Si͑111͒. When exposing Si͑111͒ to H generated by a hot filament in a UHV chamber, Chabal et al. 50 observed a single sharp SiH stretch absorption at 2083 cm Ϫ1 surrounded by broad and featureless backgrounds that can be attributed to S-H n (nϭ1-3) adsorbed on H-etched surface sites. Comparing their spectra to those in Fig. 3 indicates that hydrogen etching anisotropy is weaker on the Si͑111͒ surface. 51 A remarkable feature that the Si͑111͒ system possesses, but C͑111͒ still lacks, is the anisotropic HF etching, which yields an exceptionally narrow linewidth of 0.95 cm Ϫ1 at room temperature for the monohydride SiH stretch. 52 Our observation of the hydrogen etching anisotropy of natural diamonds is analogous 34 in some ways to the preferential HF etching in that system. The preferential etching, as stated by these authors, 53 achieves with the highest rate of removal for isolated atoms adsorbed on the ͑111͒ plane and the lowest for those in the ideally hydrogen-terminated terraces.
Secondly, the oscillator strength of the CH stretching motion is five times smaller than that of SiH. A comparison of the values of these two molecular constants is given in Table I . The result that z (CH)Ͻ z (SiH) is of little surprise, since in the gas-phase SiH stretch of SiHD 3 has an oscillator strength nearly a factor of 5 larger than that of CH stretch in CHD 3 . 3 It should be noted that the value ⑀ ϱ (SiH)ϭ2.0 given in the footnote of Table I is anomalously large, if ␣ ʈ ϭ1.18 Å 3 for SiH, U 0 ϭ0.19 Å Ϫ3 for Si(111)Ϫ1ϫ1, and thus 1ϩ␣ e U 0 ϭ1.22. Hines et al. 54 discussed a possible origin of the anomaly and concluded that the Lorentz oscillator model of ⑀ ϱ ϭ1ϩ␣ e U 0 is an inadequate description for the polarization in the monolayer regime. They further concluded that the experimentally measured ␣ e (SiH) cannot be accounted for by the Si-H bond alone and must be predominantly contributed by the polarization of the underlying Si lattice, which has a ⑀ Si ϭ11.7 at 2100 cm Ϫ1 . Unfortunately, we were unable to directly determine the ␣ e (CH) in the present experiment because of the failure of the dipole coupling model. 46 Therefore, we have no evidence for believing that those arguments are applicable to the case of H on C(111)-1ϫ1. The question of the exact value of the dielectric constant of the monolayer CH remains unanswered.
V. CONCLUSION
We have demonstrated that infrared spectra of CH stretching on diamond C(111)-1ϫ1 single-crystal surfaces can be obtained using an FTIR spectrometer and a singlepass direct absorption method. A screened transition dipole of ͉ s ͉ϭ0.028 debye along the C-H axis has thereby been determined. Assuming an electronic polarizability of ␣ e ϭ0.56 Å for the surface CH bond yields an integrated cross section of r Ϸ1.8ϫ10 Ϫ18 cm. The number is useful to compare with that determined from diamond CVD films for quantitative analysis. The present experiment has also verified that commonly employed dipole coupling models are incapable of accounting for the isotope-dependent frequency shifts for CH stretching on C(111)-1ϫ1. More elaborate calculations are required. The measurements, together with our previous temperature-dependence experiments 15 and the direct time, as well as frequency domain measurements of Shen and co-workers, 9, 20, 21 constitute a large database relating to CH vibrations on the diamond C(111)-1ϫ1 surface. Through the efforts of theoretical calculations, these experimental data should allow the nature of internuclear potential, 55 the intermolecular interactions between CH bonds, as well as the coupling dynamics 9,56 between CH vibrations and diamond surface phonons to be examined in unprecedented detail. ecules in the excited state due to laser pumping was estimated by N 1 ͑t p ͒ N ϭ 01 F 2 01 Fϩk nr ͕1Ϫexp͓Ϫ͑2 01 Fϩk nr ͒t p ͔͖.
where t p is the pumping time, N is the total population, 01 is the absorption cross section, F is the photon flux, and k nr is the nonradiative relaxation rate. The spontaneous radiative decay k r is ignored here because of k r Ӷk nr , 01 F. From the SFG measurements of Chin et al. ͑Ref. 9͒, we have t p ϭ17 ps, 1/k nr ϭ19 ps, Ft p ϭ7.5ϫ10 18 photons/cm 2 and N 1 (t p )/Nϭ0.13. Assuming Gaussian beam profiles and a perfect overlap of the IR and Raman laser beams, we obtained 01 ϭ5ϫ10 Ϫ20 cm 2 , after properly taking into account the orientation of the crystal with respect to
